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Introduction
The classical theory of heat conduction predicts that self-propagating chemical waves are possible when a non-linear source term, activated by temperature, is coupled to an exothermic reactive material that is also the heat conductor. The resulting wave velocity that radiates isotropically is known to vary exponentially with the inverse adiabatic reaction temperature 1 , a fundamental material property. Such waves were first studied theoretically in 1938 by Zel'dovich and FrankKamenetskii 2 , and experimentally verified for a wide range of technological applications, such as propulsion 3 , chemical synthesis 4 and combustion 5 . The emergence of nanotube and nanowire systems, where phonons are quantum confined and scattering processes are minimized, has resulted in observations of axial thermal conductivity that are exceedingly high 6 . The properties of such systems are surprisingly invariant to mechanical deformation 7 , even showing thermal rectification for anisotropically loaded specimens 8 . The question of how such systems support or modify a neighboring reaction wave has thus far been unexplored. It is known, for example, that only the thermal conductivity in the vicinity of the narrow reaction zone contributes to wave propagation 9 . If the phonon mean free path becomes commensurate with the length of this zone, a possibility for many one dimensional nanotube systems, an enormous acceleration of the reactive wave may result. In this work, we demonstrate the existence of such accelerated thermal waves and introduce a new phenomenon that results from their effect on carrier propagation, namely concomitant thermopower waves that yield a substantial specific power from a micro-or nano-scale source.
We verify the existence of such waves experimentally by creating both isolated and aligned arrays of multi-walled carbon nanotubes (MWNT) encased in a 7-nm-thick cyclotrimethylene-trinitramine 3 (TNA) annular coating (Fig. 1a) . The synthesis procedure is based on a wet impregnation of a 90-mM TNA in acetonitrile solution into pre-synthesized vertically aligned MWNT arrays. The arrays were synthesized by ethylene chemical vapor deposition at 750 ºC on silicon dioxide-silicon wafers using a water-assisted carbon etching as described elsewhere 10 . The free standing films have high porosity (95-99%) and are able to incorporate about 3 to 45 times TNA by mass (see Supplementary Fig. S1 ). A subsequent sodium azide (NaN 3 )/water solution applied after wet impregnation allowed for facile initiation after drying for 24 hours at ambient temperature and pressure. Scanning electron microscopy (see Supplementary Fig. S3 ) shows that the alignment is preserved after wet impregnation. Transmission electron microscopy ( [11] [12] [13] . The diffraction peak at 26 o (002) corresponds to a typical inter-planar spacing of graphite (0.34 nm), and 42.4 o (100) yields a 2.12 nm distance between neighboring nanotubes [14] [15] [16] .
Two methods were used for initiating reactive waves in this system: laser irradiation and high voltage electrical discharge. The TNA-MWNT structures were either preheated or left at 300 K before ignition, and the reaction propagation and its velocity were measured by using a 4 microscope-aligned optical fiber array (see Supplementary Fig. S5 ) and high speed video microscopy (up to 90000 frames/sec) (see Supplementary Fig. S6 ), respectively, as shown in Fig. 2a .
Sustained reaction waves specifically along the direction of the nanotube orientation (Fig. 2a , inset) were observed at velocities more than four orders of magnitude larger than the bulk combustion rate of TNA of 0.2 -0.5 mm/s [17] [18] [19] [20] at an atmospheric condition (1 atm). Several control materials confirm that the reaction wave requires the aligned nanotubes and TNA.
Randomly oriented arrays, or those lacking TNA or NaN 3 , showed no such sustained reaction in any direction under any condition. In the example in Fig. 2a , the aligned TNA-MWNT produced a steadily propagating wave with velocity 1.2 ± 0.4 m/s along the nanotube length. The MWNT generally survive the propagation of the wave intact, consistent with the high temperature stability of MWNT observed up to 3800 K 21, 22 . To confirm that the mechanism of amplification involves the nanotube specifically as a thermal conduit, the reaction velocity dependence on preheating temperature (Fig. 2b) was measured both in parallel and orthogonal directions to the nanotube alignment. Both orientations demonstrated an increase in reaction velocity with increasing preheat temperature, but in the parallel orientation, where the external heat directly supplements that supplied by the reactive wave, the enhancement is nearly 10 times faster than the orthogonal orientation. The results from several velocity measurements are plotted in Fig. 2c for comparison. We found that 22-nm (10 walls) MWNT amplified the reaction velocity by more than 10000 times, while for 13-nm (9 walls) MWNT the enhancement was about 1000 times the TNA value. The difference is greater than what is predicted by the factor of 3 larger crosssectional area of the 22-nm MWNT. A lower degree of alignment and higher quantity of amorphous carbon generated during synthesis of the 13-nm samples compared to the 22-nm samples accounts for apparent differences in conductances (see Supplementary Fig. S2 ).
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Experimental geometries and a histogram of reaction front velocities for 92 devices appear in Supplementary Information (see Supplementary Fig. S7 ).
We adapt the theory of conventional combustion waves to describe the nanotube-coupled thermal wave. Consider a first order reactive annulus at dimensionless temperature u surrounding a nanotube or nanowire (Fig. 1a) at temperature u 2 where both are thermally coupled via a dimensionless interfacial conductance, . The Fourier description of this system is:
where  is the extent of chemical conversion of the reactive annulus,  is the dimensionless thermal diffusivity of the nanotube (normalized by that of the annulus),  is the dimensionless inverse adiabatic temperature of the reactive annulus,  and  are dimensionless time and distance. (Here,  1 and  2 are  scaled by material properties of the annulus and nanotube, respectively.) A system initially at room temperature (u atm = u = 0.0124 for TNA) will produce a reactive wave solution if one end is heated to ignition. Numerical solution of (1-3) demonstrates that, since the thermal conductance in the nanotube exceeds that of the reactive annulus, the reaction velocity along the nanotube component is increased substantially, directing the energy along its length. The interfacial conductance becomes insignificant beyond a minimum threshold
,  2 > 10 -2 for > 5) above which heat exchange between the phases is not rate-limiting (see Supplementary Fig. S12 ). In this case, the effect of thermal resistance between TNA and CNT 6 would be very small, and rapid thermal equilibrium is achieved on the boundary in the narrow reaction zone between the two materials (T  T 2 ). Under these conditions, higher interfacial conductance cannot change the temperature profile. The non-linear nature of the source term causes the reaction velocity to increase disproportionately with an increase in nanotube thermal diffusivity above that of the reactive annulus, creating an amplified thermal wave, as shown in Fig.   2c . The numerical solution of Fig.2c We find that this directional thermal wave evolves a corresponding thermopower wave in the same direction, creating a high specific power electrical pulse of constant polarity. The nanotubes were contacted to an oscilloscope with Cu wires and an Ag paste in the arrangement shown in Fig.   3a . Laser initiation at one end resulted in a voltage oscillation peak (see Supplementary Fig. S8 ) of the same duration as the corresponding reaction wave, allowing us to calculate reaction propagation velocity for the whole sample volume (see Supplementary Fig. S9 ). The voltage was positive for waves emanating from the positive electrode, indicating a pulse of majority electronic carriers traveling toward the negative electrode (Fig. 3b) . This thermopower wave is distinct from conventional, static thermopower in that we see single polarity pulses (positive or negative) over the reaction duration for high velocity waves. A moving thermal gradient across the conductor would produce regions of maximum, minimum and zero voltages based on the Seebeck effect, for example. This is in fact what we observe for samples with larger thermal mass and slower propagation velocities. Also, if the reaction is initiated at the middle of the sample, the current appears to reverse (Fig. 3c ). In contrast, the chemically driven thermopower waves in the high velocity regime ( 
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, although modest increases are observed over the temperature range of 300 K and 930 K 32 . Thermopower waves, however, do not necessarily require low phonon and high electron transport rates as the thermal gradient is preserved in the propagation of the wave front. We note that materials with low figures of merit for thermoelectric devices can still produce high efficiencies for guiding thermopower waves, motivating a re-examination of these materials for thermal to electrical energy conversion.
Examining the specific power as a function of sample mass ( Fig. 3d) for 115 devices demonstrates a significant sample-to-sample variation, mostly due to differences in reaction velocities.
However, the maximum values observed exceed 7 kW/kg, and are substantially larger than those 8 for even high performance Li-ion batteries that have much slower discharge rates. Moreover, these high specific power values were observed as the sample mass decreased, a scaling trend that is very favorable for powering micro-and nano-scale devices. One explanation for this trend is that since all the samples had similar lengths (between 3 and 6 mm), a larger sample mass corresponds to a larger cross-sectional area and, therefore, increased orthogonal heat propagation that would eventually cause an overall system loss in an anisotropic reaction velocity (see Supplementary Fig. S9 ). To illustrate this further, high speed video microscopy was used in Fig.   4a to map the reaction front velocities as a function of orientation angle from the initiation point for an array of relatively large mass. Along the zero-degree axis (parallel to the nanotube orientation), the reaction propagates 6 to 13 times faster than in the orthogonal direction. As the number of parallel nanotubes in the array increase with mass, a greater fraction of heat travels orthogonal to the wave propagation, slowing its velocity and reducing the specific power (see Supplementary Fig. S9 ). The scaling trend is somewhat predicted by accounting for the change in reaction velocity with the system size and using a conventional thermopower model. In this case the specific power P/M t is:
where S is the Seebeck coefficient of nanotubes, R i is electrical resistance, ρ is the density of the nanotubes, r is the radius of the nanotubes, L is the conduction length, and T is spatially defined temperature (Fig. 3d) . A large mass sample generates a slower reaction velocity due to , and negative differential conductance 34 . The thermopower waves, studied in this work for the first time, seem to propagate at only 0.0002% of a typical Fermi velocity. However, it is possible that the moving thermal gradient can entrain carriers such that a net drift velocity is measurable, and confine charge carriers in a narrow region of the reaction front. The nature of this supplemental power generation will be the subject of further research efforts.
In addition to the thermopower wave, the reaction creates a measurable pressure wave that is also of high energy density. The rapidly expanding, gaseous decomposition products from the thermal wave create a strong pressure pulse that is highly anisotropic. We measured the thrust force of this pressure wave using a micro-force sensor configuration (see Supplementary Fig. S13 ) to be substantially higher per total propulsion system mass than many other comparable microthrust generators in the literature [35] [36] [37] [38] [39] [40] . The MWNT array was placed either normal or parallel to the force sensor surface, and immobilized in both directions during testing. .
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The largest chemical to electrical and mechanical energy efficiencies observed in this work are 0.3 % and 0.12 % respectively, with the highest efficiency considering both as 0.42 %. The Carnot limit, set by the reaction temperature under adiabatic conditions, is a maximum of 80%. At the high decomposition temperatures explored in this work, the dominant parasitic heat loss is radiative. Engineering controls to prevent radiative losses may increase the efficiencies closer to this limit.
In summary, we have generated and measured anisotropic thermopower waves for the first time.
These waves are produced by coupling an exothermic decomposition reaction of TNA to heat transfer in a MWNT conduit with high thermal conductivities calculated effectively to be 1.28 ± 0.2 kW/m/K in the range of 300 to 2860 K. The conduit accelerates the reaction along its length, creating a unidirectional thermal wave that is up to 10000 times faster than the bulk. This thermal wave also drives a thermopower wave, and we show that this results in high power densities up to 7 kW/kg, larger than Li-ion battery technology. This high specific power is seen in the limit of the smallest mass samples. The thermal wave is accompanied by a pressure wave of decomposing reaction products, resulting in exceedingly high total impulse per mass of 300 N-s/kg and specific impulse per total mass (5.5 s/µg). These systems represent a new class of single-use power sources for MEMS and NEMS applications, with very large power densities. The height of the TNA-MWNT array is ~2 mm, and its cross-section is about 0.1 mm 2 (frame rate = 3.33 kHz). b, The reaction velocity differs between samples preheated parallel and orthogonal to the aligned direction (average MWNT diameter 13 nm) as measured with an optical fiber array along the array length (see Supplementary Fig. S5) . The x-axis shows the preheating temperature of the TNA-MWNT array (Table S1) for measuring the corresponding thermopower waves that result from reaction wave propagation. Laser ignition (or electric arc discharge) at one end results in a thermopower wave in the same direction of reaction propagation; either positive or negative voltage generation is observed. b, The DC voltage generated by exothermic reaction of TNA is observed immediately after laser ignition with a single polarity peak voltage in this experiment of 30 -35 mV (max observed = 210 mV) in both positive and negative directions for a total system mass of 0.8 mg with a TNA/MWNT ratio of 9. c, These thermopower waves appear distinct from conventional, static thermopower generation mechanisms. If the system mass is increased, the reaction wave moves slowly and multiple peaks are observed instead, showing a reversal of polarity and an inflection point. Similar behavior is seen if initiation occurs at the center of the sample. d, The specific peak power plotted as a function of system mass for three different TNA/MWNT mass ratios (9, 4.5, and 2.8) and two different MWNT with diameters (13 and 22 nm) shows an inverse scaling, highlighting that the thermopower wave is enhanced at the micro-nanoscale, and can produce power densities that far exceed conventional energy storage devices. The green line is equation 4 based on the conventional thermoelectric effect and the temperature gradient from reaction (300 K-2800 K). . The key steps in this fabrication process are described below.
a. For 28 minutes, the furnace temperature was increased from 25 to 750 ºC with Ar gas flow (400 sccm).
b. Next, the temperature was maintained at 750 ºC for 10 minutes while H 2 (100 sccm) and Ar (400 sccm) were injected. During this process, the Fe layer changed form to Fe nanoparticles. d. At the end of the CVD process, the Ar flow rate was decreased to 50−100 sccm in order to weaken bonding between the MWNT array and substrate 4 and create a free-standing aligned MWNT array.
The resulting films were 3 to 5 mm tall on a silicon wafer approximately 5x5 mm in cross-section (Fig. S1a) . The MWNT were either dispersed as individual nanotubes for characterization or kept in an array form for further reaction testing. We calculated the porosity of the VAMWNT using a previously published protocol 5 . The mass and volume of the VAMWNT were measured directly.
The information about tube diameter and number of walls was obtained from TEM images (Fig.   1b) . The 22 nm-MWNT had an average of ten walls, an inner radius of 7.6 nm, and an outer radius of 11 nm, giving them a cross-sectional area of 197.6 nm 2 . The porosity was estimated as 99%. . Thus TNA was trapped among the MWNT and coated their walls (Fig. 1b) . The aligned structure of TNA-MWNT was maintained after the wet impregnation as shown in Fig. S3a .
The TNA shows up as a bright coating compared to the nanotubes (Fig. S3b) . 5 L of NaN 3 in aqueous solution with a concentration of 50 mg/mL was then added to serve as a primary igniter, since NaN 3 has a much lower activation energy (40 kJ/mol) 7 than TNA (120-200 kJ/mol) 8 . The
VAMWNT were dried under atmospheric conditions (300 K, 1 atm) for 24 hours.
The mass of the array was measured with a microbalance before and after impregnation to determine the mass ratio of TNA to MWNT. The mass ratio could be controlled by the concentration and amount of TNA solution added to the VAMWNT. Figure S4 shows the X-ray diffraction data demonstrating that both the crystal structures of MWNT and TNA are preserved in the composite. (100) to 2.12 nm crystal spacing [9] [10] [11] . The (002) plane peak depends on the alignment of the MWNT; the peak will shift away from 26º with decreasing degree of alignment. b, TNA has many XRD peaks since it has numerous crystal polymorphs.
Reaction Velocity Measurements

Ignition methods
Either laser irradiation (785 nm, 300 to 400 mW) or high voltage electrical discharge (up to 2.8 kV, 5 mA) was used to ignite samples (Fig. S5, Fig. S6 ). For the high voltage electrical discharge, a thin tungsten wire was fixed to the TNA-MWNT, keeping a small gap between them and the tungsten 8 plate below (Fig. S6a) . The two tungsten elements served as electrodes for the sub-ms high voltage discharge.
Reaction velocity measurement
An optical fiber array was used to measure reaction velocity. This system can detect light emission from a small reaction region at high speed. The TNA-MWNTs were attached to a metallic fixture with a temperature control apparatus. TNA-MWNT were preheated on the fixture and ignited with a 785 nm, 400 mW laser pulse. Figure S5 shows a schematic of setup and signals acquired from two optical fibers. The data used to generate Fig. 2b are summarized in Table S1 . Alternative measurement method was high speed photography. A high speed CCD camera (CPL-MS70K, Canadian Photonic Labs) with a microscopic lens (Macro 60 mm, f/2.8D micro Nikkor Autofocus lens, Nikon) recorded the reaction at 90,000 frames per second (Fig. S6) . Another method to extract reaction front velocity used thermopower voltage signals (Fig. S7, S8 ). The thermopower voltage signal contains information about reaction propagation over the whole sample volume. It can be divided into two regions (Fig. S8 ): a strong oscillation region and smooth region. There is a significant body of literature on velocity oscillation in traditional combustion waves 12, 13 , and most samples exhibited an oscillation region initially. Comparison between optical microscopy and the electrical signal shows that this region appears to coincide with the self-propagating wave front.
There is good agreement between the initial rise time of the thermally induced voltage signal and the optically measured reaction front. The smooth zone appears to be thermoelectric voltage generation due to the residual temperature gradient following the rapidly propagating wave.
The reaction velocities determined from thermopower voltage signals appear in Fig. S9 . One reason for the scaling of reaction velocity in Fig. S9 is orthogonal heat transfer in the TNA-MWNT arrays. Figure S9b explains the 2-dimensional flame dissipation in larger samples. Figure S7 is the histogram of compiled data sets measured by all 3 methods.
Control experiments
We investigated the effect of thickness of TNA on reaction velocity. There were optimal mass ratios of TNA to MWNT, which varied based on total sample mass that maximized reaction velocity.
A very thin TNA layer cannot supply enough heat from its exothermic reaction to aid reaction propagation, although the unreacted region of TNA requires small total amount of energy for reaction. On the contrary, when TNA layer is very thick, the exothermic reaction can provide more heat energy, but the unreacted region needs large amounts of energy for reaction. Consequently, we might expect that there is an optimal ratio to promote fast reaction velocities.
Also, we designed experiments to understand the role of aligned CNTs in chemical reactions in TNA-MWNT arrays. TNA composites were made with porous activated carbon (AC) with a large surface area and unaligned CNTs (Length: 500 nm -1.5 µm) by means of the same wet impregnation method. TNA-AC needed much more energy to initiate reaction, and its reaction velocity was slower than that of a TNA-MWNT array. Although TNA-unaligned CNTs required similar initiation energy to TNA-MWNT, the reaction velocity was still slow, and this composite could not sustain a continuous reaction. During the reaction, part of the TNA-unaligned CNTs was separated by a pressure wave from the exothermic reaction. We conclude that CNTs' onedimensional structure and high axial thermal conductivity contribute to enhancing the reaction velocity dramatically. Also, the structure of the MWNT array helps to shape the TNA coating layer around the CNT walls continuously, thus maintaining reaction propagation. Finally, CNTs decrease the initiation energy of the reaction enormously compared to TNA-AC. The time delay between the two channel signals (CH1 and CH2) was used to calculate reaction velocity. The distance between the two channel spots on the surface of the sample was 984 m.
The optical fiber array was aligned along the length axis of the VAMWNT to measure the parallel reaction velocity. For an orthogonal reaction velocity measurement, the fiber array was rotated by 90 degrees. 
Modeling of Reaction Propagation with Convection and Radiation
To model a coupled TNA-MWNT system, we begin with a standard one-dimensional heat balance for the TNA, including terms for heat conduction, reaction, and coupling with the nanotube.
Now we non-dimensionalize temperature, time, distance, and TNA concentration using reaction and thermal parameters to simplify the numerical calculations. To solve the equations, we assume maximum thermal diffusivity of CNT, α (10 -5 to 10 -2 ), and β (5 to 35) are varied as parameters for our contour plot (Fig. 2c) . We assume several material properties are constant on the basis of previous literature sources [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] . . To simulate the TNA-MWNT system more accurately, we used temperature-dependent properties of TNA (Table S2 ) and CNT (Table S3 ). The reaction front velocity is thus calculated as 1.3 m/s (Fig. S10) , very similar to the experimental results. Also, we investigated the effect of convection and radiation. The dimensionless heat convection coefficient, l, and dimensionless radiation coefficient, w, depend on k 0 . As k 0 decreased, the reaction front velocity decreased (Fig. S11) .  is in the range of 4.2 to 13.5 (Table S2) , and CNT thermal diffusivity (Table   S3 ) is in the range of 0.0002 to 0.002.
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Figure S11 | Reaction front velocity using temperature-dependent thermal properties for TNA and CNT, as well as convection and radiation. The reaction front velocity is 1.3 m/s at k 0 = 3x10
), the same as our thermal wave propagation model without convection and radiation. A decrease in the reaction rate constant results in a decrease in reaction velocity.
After steady state wave propagation is attained, the reaction front velocity is constant along the whole MWNT. A dimensionless distance = 1000 was sufficient to simulate steady state reaction front velocity. The non-dimensionalized distance of MWNT length 2.36 mm is many orders of magnitude larger than = 1000. Thus, for lengths above 1000, the reaction front velocity will be constant.
Interfacial thermal conductivity, G, between TNA and MWNT should not be the limiting factor in reaction front velocity enhancement 24 , and we confirmed this for this model (Fig. S12 ). In the case of low thermal resistance between TNA and MWNT, rapid thermal equilibrium is achieved on the boundary between the two materials (u  u 2 ). Higher interfacial conductance does not affect the temperature profiles of the two materials or the reaction front velocity, as long as the interfacial conductance is over some minimum value. Simulation results indicated that the minimum value of G for these conditions is 9x10 5 25 where P is thermopower, M t is the mass of TNA-MWNT, S is the Seebeck coefficient of nanotubes, R i is electrical resistance, ρ is the density of nanotubes, r is the radius of nanotubes, L is the length of the region that the thermal wave propagates, T is temperature (spatially dependent), T N is the lowest cooled temperature behind the reaction zone, T H is the temperature of the reaction front, T L is the ambient temperature, C p is the specific heat of nanotubes, V is the volume of nanotubes, A is the area in contact with cooling source, k is the coefficient of all cooling effects including thermal contact resistance, convection, radiation, and ν is the reaction velocity of thermal wave.
Reaction velocities from experimental results were used to fit a curve to the data (Fig. S9) . We assume that reaction front temperature T H is the adiabatic flame temperature. In the case of small mass TNA-MWNT, the reaction velocity is much faster than the time scale of heat diffusion;
T N is nearly the same as T H . But in the case of large mass TNA-MWNT, the time scale of reaction velocity is similar to the time scale of heat diffusion, and cooling behind the reaction front makes T N lower than T H . The temperature gradient between T N and T H (the region behind the propagating reaction front) is opposite to the temperature gradient between T L and T H (the region ahead of the reaction front), and it causes charge carrier movement and a current in the opposite direction.
This trend is stronger with the slow reaction velocities of large mass samples than fast reaction velocities, and specific power has an inverse scaling trend.
Propulsive Force Measurement
Force measurement
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The propulsive force generated by the 1-D reaction was measured with a piezoresistive sensor (FlexiForce sensor, under 5 s response time, force range 0 to 4.4 N, Tekscan) (Fig. S13) . The sample was mounted on the force sensor on a tungsten plate with a lock-up housing to prevent vibration and other movement. The lock-up housing had a small hole to ignite the sample electrically or with a laser. A function generator supplied the electrical signal to the force sensor, and the input and output signals were monitored with a digital oscilloscope (DL 1735E, Yokogawa).
The resistance of the sensor increased in proportion to the thrust force generated, which was applied perpendicular to the sensor. Temperature effects were negligible during the short observation period. 
